A study of changes in serum potassium, magnesium, and calcium levels during therapy for severe diabetic acidosis seemed indicated in view of the fact that the majority of previous reports (1, 2, 3) have dealt primarily with sodium levels or total base, with little detailed study of the other bases. The articles of Harrop (4) and Atchley (5) are exceptions, and include a few determinations of serum potassium and calcium in two patients each.' It was hoped also that this study would throw light on some of the unexplained symptoms and signs which occur during and following therapy for diabetic acidosis.
MATERIAL
Fourteen patients, ranging from ages 12-69, who entered the hospital in severe diabetic acidosis (carbon-dioxide combining power expressed as milliequivalents of bicarbonate, under 9 milliequivalents) were studied. All of these patients survived with the exception of a 56-year-old woman who died within 30 hours, with unexplained hyperpyrexia and morbilliform rash. Post-mortem examination did not contribute to the solution of the problem, although virus studies are not yet completed. Serial determinations of serum potassium, sodium, calcium, magnesium, and total protein were made on all patients, in addition to the usual determinations of blood sugar, carbon-dioxide combining power, and non-protein nitrogen. In seven of the patients pH, and albumin and globulin fractions were also determined. Phosphorus levels determined as inorganic phosphate were run on two patients.
METHODS
The pH was determined on venous blood by the use of the Beckman pH meter, serum sodium by a modification of the zinc uranyl acetate method of Barber and Kolthoff 1 Since the preparation of this manuscript a report of 1 patient in diabetic acidosis who developed low potassium levels (2.5 milliequivalents) during therapy, which were associated with respiratory paralysis, and which responded to potassium intravenously, has appeared. Holler, Jacob W., Potassium deficiency occurring during the treatment of diabetic acidosis. J. A. M. A., 1946, 13, 1186. (6) , potassium by the Kramer and Tisdall (7) cobaltinitrate method, calcium by the Clark and Collip (8) modification of the Tisdall method, and magnesium and -inorganic phosphorus by methods from this laboratory (9, 10) . 41bumin and globulin fractions and total protein were performed by the method of Kingsley (11) , the carbon-dioxide combining power by the Van Slyke (12) method, and, calculated as M.eq. of bicarbonate, nonprotein nitrogen by the method of Peters and Van Slyke (13) and blood sugar by the method of Benedict (14) .
Ionized calcium was calculated from the mass action law:
(Ca++) ( The same general type of electrolyte changes occurred regardless of the amount of insulin, fluids, sodium, or glucose given in the first 24 hours, the rapidity of fall of the blood sugar, or the presence or absence of coma or shock.
More detailed analyses of the changes in the potassium levels are given in Figure 1 . This figure demonstrates that the lowest point in potassium concentration usually occurred within the first 24 hours. Not enough serial determinations were made to determine the exact time of the lowest level, and this may vary from patient to patient, but it was usually between 12 and 24 hours. Within 2 to 3 days, the potassium concentrations had returned to normal levels, although in several patients this was delayed for several more days. Potassium concentrations as seen in Figure 1 were usually slightly elevated on entry in the majority of instances. There was no definite correlation between the rate of fall of the blood sugar, or the total amount of insulin and fluids given in the first 24 hours and the degree of lowering of the serum potassium. However, Figure 2 shows the close correlation in two patients (T. B., No. 1, Table I , and A. B. No. 2, Table I ) between fall in blood sugar, inorganic phosphate and potassium levels. Table II summarizes the range of potassium values found. It is seen that 6 patients (46 per cent) had low potassium values (under 4 M.eq.) and 8 patients had elevated levels (over 6 M.eq.). As it was not always possible to follow some of these patients during the first 24 hours, due to entry on holidays or at night, some abnormalities of potassium levels were doubtless missed. Magnesium concentrations fell markedly during therapy, particularly during the first 24 hours, although in some instances the maximum fall occurred later. Even after several days, the magnesium concentrations had not returned to the normal level in the majority of the patients. The range of serum magnesium levels is given in Table  IV Normal (2) 1.50-1.92 15 11 Slightly elevated 1.92-2.30 4 3 High 2.30-3.30 7 5 (1) The same patient may be represented under each level due to changes in concentration with therapy. (2) The normal range for the method used-1.50 to 1.92 miHliequivalents.
although none of the values obtained was abnormally high. Three of the patients with magnesium levels over 2.5 M.eq. were in deep coma; one was stuporous. All eight patients with magnesium levels under 2.5 M.eq. on entry were conscious. There was no correlation between the level of magnesium at entrance and the presence or absence of hemoconcentration.
DISCUSSION
Some of the changes in the potassium, calcium, and magnesium levels are undoubtedly due to hemoconcentration or dilution, although study of Table I will show that many of the changes bear no direct relationship to this factor. The concentration of electrolytes at any one moment, regardless of total circulating amount, conditions many of their physiologic functions. This is well attested by the striking changes in the T waves in the electrocardiogram with changing levels of serum potassium (18) . It has also been demonstrated that the total circulating amount of any electrolyte, particularly sodium, may be important, as seen in the clinical improvement in patients with Addison's-disease after salt therapy, even before the serum sodium concentrations return to normal (19) . In general the importance of potassium, calcium, -and magnesium in many biologic functions has been adequately reviewed (20, 21, 22) .
The marked drop in serum potassium is the most striking of the electrolyte changes noted and has not been stressed previously. The level of 1.9 M.eq. found in one of our patients is, to our knowledge, the lowest level mentioned in a diabetic. Very low levels of serum potassium have been reported in several conditions: sprue-1.1. M.eq. (23) ; familial periodic paralysis-1.3 M.eq. (24); Addison's disease with therapy-2.9 M.eq. (25) .
In diabetes there are several factors relevant to the problem which are known to effect the serum potassium levels. Potassium moves in or out of the cell fairly closely with phosphorus and nitrogen during periods of either tissue catabolism or anabolism (26, 27) . With periods of excess tissue breakdown, there is increased urinary excretion of potassium; and, conversely, during protein storage there is decreased urinary excretion of potassium. Administration of certain hormones, or their lack due to disease, can cause such shifts in potassium and nitrogen. Testosterone (28) causes protein anabolism and decreased potassium excretion in the urine, while desoxycorticosterone acetate (19) causes increased urinary excretion of potassium, and decreased extra-and intra-cellular potassium concentrations. Lack of insulin is known to lead to tissue breakdown and a negative nitrogen balance with loss of large amounts of potassium in the urine (5). Administration of insulin leads to a positive nitrogen balance and decreased urinary potassium excretion (5) . As the blood levels of potassium and urinary excretion of potassium (and phosphorus) decrease after insulin, it has been suggested (28) that' there is an increased intracellular level of potassium and phosphorus, possibly without increase in muscle mass. This possibility must remain a suggestion, however, until determinations of intracellular levels of potassium are made in man following insulin therapy and until the amount which may shift into the liver can be determined. In the normal individual, as well as the diabetic, insulin is known to decrease the serum potassium levels (4, 29, 30) . The exact mechanism of this action of insulin on serum potassium is not known, but it has been suggested that it is correlated with shifts of glucose and phosphate into the cell, for formation of a potassium hexosephosphate (see Figure 2) , or into the liver in glycogenesis (4, 29, 31, 32) .
Another condition that may possibly decrease serum potassium levels in severe diabetic acidosis is the use of large amounts of intravenous saline. Administration of large volumes of fluid parenterally (isotonic) (33) causes loss of some potassium in the urine with the loss of large amounts of sodium. Whether this factor is counterbalanced in diabetics by the effect of insulin in decreasing urinary potassium excretion has not been studied.
Clinically the feature that impressed us as related to the low levels of serum potassium was the marked muscle weakness exhibited by several patients. One of these patients, following a minor insulin reaction, which was treated promptly, showed striking generalized muscle weakness and lethargy. In many respects she resembled the picture seen in familial periodic paralysis. All pa-tients showed clinical improvement in muscle strength with rise in serum potassium levels. The relationship between muscle weakness, intracellular and extracellular potassium levels is still not settled. Following the use of testosterone, the serum potassium may drop to very low levels, with increased or normal intracellular potassium, and no associated muscle weakness (28) . Desoxycorticosterone acetate therapy, if excessive, causes marked loss of potassium, and decreased intracellular potassium concentrations, and is associated with marked muscle weakness (25) . In familial periodic paralysis (24) and diabetes with low serum potassium levels there is also marked muscle weakness. The drop in serum potassium concentrations, with decreased urinary excretion during insulin therapy, may be theoretically associated with either increased or decreased intracellular levels, depending on whether the shift is predominantly into the cells, or into the liver in intermediary carbohydrate metabolism and glycogen formation. That there are other factors involved in muscle strength beside intracellular potassium levels has been demonstrated experimentally in rats, who despite very low levels of muscle potassium, were still able to swim (34) .
On entry, many of the patients showed elevated levels of potassium. Most of this rise in concentration can be explained on the basis of hemoconcentration. Another factor is decreased renal function secondary to shock which may occur in diabetic -acidosis.
The calcium concentrations were maintained at normal or slightly low normal levels in most instances, despite the fact that in diabetic acidosis there is increased urinary excretion of calcium (5) . Total circulating calcium is presumably depleted. As many diabetics show marked osteoporosis, periods of negative nitrogen balance and acidosis may be pathogenic factors. The lack of constant correlation between total calcium concentration and percentage ionized fraction is important, as the ionized fraction determines many of the physiologic effects of calcium, such as the length of the electrical systole of the heart. This suggests that both values should be determined.
The mechanism of the marked drop in magnesium concentrations during insulin therapy has not been studied. Possibilities include changes in urinary excretion or use in carbohydrate metabolism with insulin therapy. It should be noted, however, that the amount of magnesium necessary for coenzyme action in the phosphorylation of glucose would appear to be too small to account for the marked changes observed. It is interesting, but not conclusive, that there was some correlation in our series between levels of consciousness and the magnesium concentrations at entry. However, at levels similar to those found in our comatose patients, many individuals appear to have no effects or clinical symptoms. Also, many factors presumably contribute to the state of coma, and no one chemical factor is entirely responsible.
The therapeutic implications of these findings are important. The occurrence of low potassium levels after therapy in 46 per cent of the patients, and very low magnesium levels in 36 per cent of the patients, suggests that these patients should receive potassium and magnesium salts as an adjunct to other therapy. The warning should be given, however, that a diabetic patient-in shock, with decreased renal function, should not receive potassium therapy because of the danger of producing dangerously high blood levels (35) . This is true also for magnesium. The presumed decrease in total circulating calcium and occasional decreases in the percentage ionized fraction suggest that these salts should be beneficial, too.
It

SUMMARY
The results of determinations of potassium, magnesium, and calcium levels in 14 patients in severe diabetic acidosis are given.
Forty-six per cent of the patients showed a marked fall in serum potassium levels during therapy. In several patients this was associated with marked muscle weakness. It is suggested that this fall may be related to the effect of insulin on nitrogen storage and urinary excretion of potassium, and the carbohydrate cycle with passage of glucose, phosphorus, and potassium into the muscle cell, or into the liver in glycogen formation.
There was no constant correlation between total calcium concentrations and the ionized fraction. While the concentrations of calcium on entry were usually within the normal range, total circulating amount was presumably decreased, in view of the hemoconcentration present. This may be a factor in osteoporosis.
There was a marked fall in serum magnesium concentrations in 36 per cent of the patients during therapy, and the levels returned very slowly to the normal range. No explanation can be given for this change. Elevated magnesium levels may play a r6le in the production of coma.
The therapeutic implications of these findings are discussed.
